Introduction
There is increasing evidence for the biological correlates of response inhibition. One line of research from neuroimaging studies illustrates that activation within a frontostriatal brain network underlies response inhibition; another line highlights the role of the dopamine system in influencing inhibitory control (for a review, see Congdon and Canli, 2005) . However, these studies have been largely conducted independent of each other. Furthermore, previous studies are limited by (1) an overreliance on heterogeneous, DSM-defined groups; and (2) an overreliance on selfreport measures of trait impulsivity or related higher-order personality traits (Bearden and Freimer, 2006; Gottesman and Gould, 2003; Hariri and Weinberger, 2003) . Therefore, we currently have a limited understanding of the neurogenetic correlates of response inhibition.
The present study was designed to overcome these limitations by applying an intermediate phenotype approach to response inhibition (Bearden and Freimer, 2006; Hariri and Weinberger, 2003) . We proposed that dopamine system-related gene polymorphisms have a functional role in modulating the network underlying response inhibition. Specifically, we tested the influence of SLC6A3 and COMT genotypes on frontostriatal activation as assessed with fMRI, in a sample of healthy adults performing a Stop-signal task.
Many neuroimaging studies of response inhibition investigating the brain regions underlying the suppression of a prepotent motor response have outlined a right-lateralized frontostriatal circuit (Aron et al., 2007; Aron and Poldrack, 2006; Garavan et al., 1999; Li et al., 2006; Li et al., 2008; Rubia et al., 2001; Zheng et al., 2008) . These studies provide strong evidence for the role of this frontostriatal network (primarily the right inferior frontal cortex (IFC), pre-supplementary motor area (pre-SMA), and subthalamic nucleus (STN) of the basal ganglia) underlying the suppression of a prepotent motor response (Aron and Poldrack, 2006; Aron et al., 2007) . The IFC plays a central role in initiating response inhibition (Aron et al., 2004; Buchsbaum et al., 2005; Chambers et al., 2006; Rieger et al., 2003) , and the STN plays a central role in the stopping an ongoing motor response (via the globus pallidus (GP)) (Frank, 2006) . Although there is consistent evidence implicating this frontostriatal network in response inhibition, there is also evidence for considerable variability of activation within healthy adults (Aron and Poldrack, 2006; Garavan et al., 2002; Horn et al., 2003; Valdes et al., 2006) . In particular, there are reports of negative There is evidence concerning the neural and genetic correlates of inhibitory control, but there have been limited attempts to combine this information. This study tested the hypothesis that two dopaminergic polymorphisms, SLC6A3 and COMT, influence neural activation during response inhibition. Healthy adults were genotyped for these polymorphisms and performed a measure of response inhibition while undergoing functional magnetic resonance imaging (fMRI). Results support the role of key frontostriatal regions underlying response inhibition. Furthermore, results support a significant influence of SLC6A3 and COMT variants on neural activity during inhibition, with greater activation during inhibition in carriers of the SLC6A3 9-allele or the COMT met-allele as compared to carriers of the SLC6A3 10/10 genotype or the COMT val/val genotype. These results add to a growing literature suggesting that inhibitory control is sensitive to variation in dopamine function, and suggest that this variation may be detectable at the level of individuals' genotypes.
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correlations between Stop-signal reaction time (SSRT) and activation in these regions (Aron and Poldrack, 2006; Aron et al., 2007; Li et al., 2006) , suggesting that better inhibitory control is associated with increased activation when suppression of a motor response is required. Variability in neural activation during inhibitory control may be explained by variation in dopaminergic modulation of this network. Dopamine, or monoamines in general, have been shown to suppress spontaneous background neuronal firing while enhancing task-specific firing (Foote et al., 1975) and thus vary the signal-to-noise ratio. Furthermore, there is an optimal range of dopamine stimulation, largely D1 receptor stimulation in the prefrontal cortex, for the performance of functions in which it is involved (Williams and Goldman-Rakic, 1995) . In this way, it is said that there is an inverted U-shaped response function of dopamine, such that too little or too much dopamine is disruptive and impairs the functioning of the system (Arnsten and GoldmanRakic, 1998; Bilder et al., 2004) .
Within the dopaminergic system, there are two particular polymorphisms in dopamine system-related genes, SLC6A3 and COMT, which may alter the response function of dopamine and, in turn, activation underlying response inhibition (see Table 1 ). SLC6A3 (OMIM: 126455) refers to a polymorphism that is located within the gene coding for the dopamine transporter (DAT), which is responsible for removing dopamine from the synapse (Bannon et al., 2001 ). The polymorphism results in a variable number of repeat units, with evidence supporting increased DAT expression associated with the 10-repeat, compared to 9-repeat, allele (Brookes et al., 2007; Fuke et al., 2001; Heinz et al., 2000; Mill et al., 2002; VanNess et al., 2005) . The second polymorphism may alter the response function of dopamine through differential levels of degradation of dopamine. A single nucleotide polymorphism (SNP) is located within the gene that codes for the COMT enzyme (COMT, OMIM: 116790), which degrades dopamine, and results in the substitution of the amino acid methionine (met) for valine (val) , with the met enzyme having one third to one half of the activity of the val enzyme (Lotta et al., 1995) .
Both SLC6A3 and COMT have previously been associated with inhibitory control. In addition to evidence for a small but significant relationship between SLC6A3 and diagnosis of ADHD Yang et al., 2007) , the 10-repeat allele has been associated with inhibitory control and impulsivity (Bellgrove et al., 2005a,b; Congdon et al., 2008; Gilbert et al., 2006; Kirley et al., 2003; Loo et al., 2003; Waldman et al., 1998) . The COMT polymorphism has been associated with differences in executive functioning (Bruder et al., 2005; Diamond et al., 2004; Egan et al., 2001; Fossella et al., 2002; Malhotra et al., 2002; Rosa et al., 2004) , in particular inhibitory control and conflict (Kramer et al., 2007; Nolan et al., 2004) . Both polymorphisms have also been associated with differences in neural activation. There are reports of differences in brain volume and activation as a function of SLC6A3 and a polymorphism in the dopamine D4 receptor gene (DRD4) in ADHD boys and their siblings (Durston et al., 2005; Durston et al., 2008; Szobot et al., 2005) , and reports of differences in prefrontal activation as a function of COMT genotype in healthy adults (Mattay et al., 2003; Smolka et al., 2005; Tan et al., 2007) . Although there is not yet a published report of the influence of both genotypes on response inhibition in a single sample, there are reports of an interaction between them on neural activation during other paradigms (Bertolino et al., 2006a; Bertolino et al., 2009; Caldu et al., 2007; Schott et al., 2006; Yacubian et al., 2007) .
Although there are a number of genes that likely influence inhibitory control (including genes important in dopaminergic, serotonergic, and noradrenergic neurotransmission), the present study focused specifically on SLC6A3 and COMT because the SLC6A3 (Brown et al., 2006) and COMT (Chen et al., 2004; Lotta et al., 1995; Mannisto and Kaakkola, 1999) polymorphisms are predicted to directly affect dopaminergic neurotransmission and, in turn, processes underlying inhibitory control. We have previously published evidence for an interaction between SLC6A3 and DRD4 in influencing response inhibition, specifically SSRT (Congdon et al., 2008) , however the current investigation focused only on SLC6A3 and COMT 1 based on (1) their differential distribution across the brain regions implicated in response inhibition; and (2) previous reports showing a clear influence of SLC6A3 and COMT on neural activation during related tasks. We therefore proposed that these dopamine system-related gene polymorphisms have a functional role in modulating the network underlying response inhibition. Specifically, we predicted to see greater activation in regions underlying response inhibition in those individuals with optimal levels of dopamine availability (carriers of the SLC6A3 9-allele or the COMT met-allele) as compared to those individuals with predicted reduced levels of dopamine availability (carriers of the SLC6A3 10/10 genotype or the COMT val/val genotype), based on previous reports of greater activation in key brain regions underlying response inhibition in those individuals with better inhibition.
Methods

Participants
All participants were recruited from the New Haven area through postings and advertisements. Exclusion criteria included the following: history of psychopathology; counter-indications for MRI; any mood-altering medication; children under 18; adults over 30; history of severe head trauma; left-handedness. Participants completed three screens to ensure a sample of healthy participants: the K-6 (for mood and anxiety disorders) (Furukawa et al., 2003; Kessler et al., 2002; Kessler et al., 2003) ; the Iowa Personality Disorder Screen (for personality disorders) (Langbehn et al., 1999) ; and the ADHD Self-Report Scale (for ADHD symptoms in adults) (Kessler et al., 2005; Kessler et al., 2006) .
Forty-three participants were included in the final analyses (mean age 22.72 years (SEM = 0.50), range 18-30; 25 females), after 12 individuals were excluded for failing to perform the task as instructed and/or due to excessive head motion (exceeding 3 mm in any direction) in the scanner. All participants gave informed consent according to procedures approved by the Yale University School of Medicine Institutional Review Board.
Genotyping
DNA samples were collected with cheek cell swabs (Epicentre Biotechnologies MasterAmp TM Buccal Swab Kits, Madison, WI). The genotypes for SLC6A3 and COMT were obtained following previously published protocols (Egan et al., 2001 ; 1 It should be noted that the current sample is distinct from our previously published sample, and we did not examine DRD4, alone or in combination with SLC6A3, in the present study. Hunnerkopf et al., 2007) . Briefly, for SLC6A3, the polymorphic region was amplified by polymerase chain reaction (PCR) with oligonucleotide primers: forward-5 TGTGGTGTAGGGAACGGCCTGAG3 ; reverse-5 CTTCCTGGAGGTCACGGCTCAAG-G3 . PCR conditions were as follows: initial denaturation at 95 C for 3 min, followed by 38 cycles of 45 s at 95 C, 45 s at 67.5 C, 45 s at 72 , and final extension at 72 C for 3 min. For COMT, the polymorphic region was amplified by PCR with the oligonucleotide primers: forward-5 GGGGCCTACTGTGGCTACTC3 ; reverse-5 TTTTTCCAGGTCTGACAACG3 . PCR conditions were as follows: initial denaturation at 94 C for 5 min, followed by 35 cycles of 45 s at 94 C, 45 s at 58.4 C, 45 s at 72 C, and final extension at 72 C for 5 min. The amplified fragment was incubated with the restriction enzyme NlaIII (New England Biolabs, Ipswich, MA). The resulting products for SLC6A3 and COMT were separated on agarose gels containing ethidium bromide and bands were visualized under UV light.
fMRI task
This study included a rapid event-related design in which participants performed a Stop-signal task (Aron and Poldrack, 2006; Rubia et al., 2003) , which is designed to measure a race between Go and Stop processes, allowing for the computation of an individual's inhibitory function (Logan, 1994) . Participants viewed black arrows on an off-white background pointing either to the left or right for 500 ms each in a random order at jittered rates, followed by a 1500 ms fixation point (black plus sign). Trials were separated by a variable inter-trial interval of 500-4000 ms (average 1750 ms) of a bold fixation cross, indicating that the next trial was about to begin. Participants pressed a right or left button with their right hand in response to a right-or leftwards pointing arrow, respectively. On a subset (25%) of trials (144 total), a right-or leftwards pointing arrow was replaced by an upwards pointing arrow (the Stopsignal) (Rubia et al., 2003) . Subjects were instructed to inhibit responses on trials in which the Stop-signal appears. Subjects were instructed that correctly responding and inhibiting were equally important, but were encouraged to maintain speed throughout the task (which is standard for this task).
The task tracks each subject's responses on inhibition trials and modifies the timing parameters on subsequent inhibition trials accordingly, thereby ensuring 50% of inhibition trials and individualized difficulty level across subjects. The onset of the Stop-signal on the first inhibition trial was 250 ms, but the delay between onset of a Go stimulus and onset of a Stop-signal (Stop-signal delay, SSD) increased or decreased by 50 ms on each successive trial, depending on performance on the previous inhibition trial. Stop-signal reaction time was estimated by subtracting the average SSD (at which the participant successfully inhibits closest to 50% of the time) from the average reaction time on Go trials (Band et al., 2003) .
Image acquisition and analysis
fMRI data were obtained using a Siemens 3T Trio scanner at the Yale Magnetic Resonance Research Center. Each fMRI session began with a 3-plane localizer (20 s) to localize the brain within the scanner. Sagittal localizer was an inversion recovery T1-weighted scan (TI/TE/TR = 800/11/1800, 256 192 2nex), 3 mm thick, skip 0.5 mm, FOV = 22 cm, 16 slices. This acquisition is used to define the ac-pc line for prescription of the anatomic T1 and functional images in the following series. Functional whole-brain images were acquired using a gradient echo T2*-weighted echoplanar imaging (EPI) scan using an axial-oblique orientation and a flip angle of 80 , repetition time (TR) = 1.5 s, echo time (TE) = 35 ms, 24 slices, 5 mm thick with no gap, and a field of view (FOV) = 22 cm 22 cm. For each task session, 374 scans were collected, including 12 dummy scans at the beginning (in order to allow time for magnetic saturation) and two dummy scans at the end.
Imaging preprocessing
Individual fMRI data were preprocessed using a standard protocol (Canli et al., 2005a,b; Omura et al., 2005) with SPM2 (Statistical Parametric Mapping, The Wellcome Department of Imaging Neuroscience, Institute of Neurology, University College London, UK) running on MATLAB 6.5 (MathWorks, Natick, MA). For each scan, images for each participant were corrected for slice timing and realigned to the first volume in the time series, spatially normalized into a standard stereotaxic space (Montreal Neurological Institute template), and smoothed with an 8 mm full width-half maximum isotropic Gaussian filter. For those participants included in the final analyses, movement parameters never exceeded 3 mm in any direction for any participant or scan.
Fixed-effects models (Friston, 1994) were used at the individual subject levels of analysis to calculate the contrast images between inhibition and response trials, and random effects models (Holmes and Friston, 1998 ) were used for group-level analyses. Four events were modeled after convolution with a canonical hemodynamic response function: Fixation, Go, StopInhibit, and StopRespond. Note that all Go, StopInhibit, and StopRespond trials included only trials in which the participant correctly responded, did not respond, or failed to inhibit a response, respectively. Six movement parameters were included as regressors to control for additional movement throughout the scan. Second-level contrasts were created for the entire group using each participant's contrast images, and these contrasts were analyzed with random effects analyses in SPM2 using one-sample t-tests. The search region included 137,514 voxels.
Statistical analyses
Second-level contrasts were analyzed with random effects analyses (Holmes and Friston, 1998) in SPM2 using one-sample t-tests. Analyses were conducted using anatomically defined regions of interest (ROI), which were defined using the automated anatomical labeling (aal) atlas of the WFU PickAtlas Tool (v1.04) in SPM2 (Tzourio-Mazoyer et al., 2002) . ROI analyses included four ROIs: (1) the right IFC, which included the pars opercularis, pars triangularis, and pars orbitalis; (2) the right STN, which was defined using Marsbar (MarsBaR AAL ROI package, version 0.1) (Tzourio-Mazoyer et al., 2002 ) and consisted of a 10 mm 10 mm 10 mm sized box, centered at MNI coordinates 10, 15, 5; 3) the pre-SMA (where y 0); and 4) the right globus pallidus. For ROI analyses, since analyses were limited to only four regions and based on strong a priori hypotheses, images were thresholded at p 0.01 uncorrected voxel level, and activation was regarded as significant and reported if it survived p 0.05 small volume correction.
To assess the effect of genotype, we used a multiple regression model with two regressors, SLC6A3 and COMT genotype groups (dummy-coded), allowing for the assessment of the contribution of each genotype to activation, while controlling for the contribution of the other genotype in the Go-Fixation, StopInhibit-Fixation, and StopInhibit-Go contrasts. For further analyses, percent signal change was calculated from the ROIs (Mumford and Poldrack, 2007) . Activation in anatomical regions was confirmed using the SPM2 Anatomy toolbox, which combines probabilistic cytoarchitectonic maps with one's functional imaging data (Eickhoff et al., 2005) and manual inspection using the Duvernoy atlas. All coordinates reported here represent Montreal Neurological Institute (MNI) space.
Results
Allele and genotype frequencies
Each participant was genotyped for both SLC6A3 and COMT; SLC6A3 genotype was unavailable in one participant. In the final sample, for SLC6A3 (N = 42), participants were divided into those with two copies of the 10-repeat allele (10/10) (N = 26) and those with at least one 9-repeat allele (9+) (N = 16), given that the 9-and 10-repeat alleles are the most common, and the only ones observed in our sample (Heinz et al., 2000; Jacobsen et al., 2000; Mill et al., 2002; van Dyck et al., 2005) . For COMT (N = 43), participants were divided into three groups: met/met (N = 6), val/ met (N = 27), and val/val (N = 10) because the two alleles are codominant (Lotta et al., 1995) . For both genotype groups, there was no difference between genotype groups in age, sex, ethnicity, and education (see Table 2 ).
2 The genotype frequencies of both SLC6A3
and COMT did not deviate from Hardy-Weinberg equilibrium (all pvalues 0.05).
Behavioral results
Inspection of the results revealed that the task worked correctly. The group (N = 43) mean SSRT was 209.85 (SEM = 6.10), ranging from 140.05 to 291.73 (in ms) and the group mean percent inhibition was close to 50% (Mean = 51.94; SEM = 0.82; range = 45.37-69.44). Mean SSRT in groups divided according to SLC6A3 was as follows: 204.83 ms (SEM = 7.48) for the 10/10 group, and 222.17 ms (SEM = 9.87) for the 9+ group. Mean SSRT in groups divided according to COMT was as follows: 202.73 ms (SEM = 10.69) for the val/val group, 214.20 ms (7.84 SEM) for the val/met group, and 213.97 ms (SEM = 19.54) for the met/met group. There were no significant independent effects of SLC6A3 or COMT genotypes on SSRT (all p-values 0.05).
fMRI results
ROI analyses: StopInhibit-Go
ROI analyses conducted on the StopInhibit-Go contrast confirmed the predicted greater activation in the right IFC, STN, 2 It should be noted that in the present sample we did not exclude participants based on ethnicity; however, genotype groups were matched on age, sex, ethnicity, and education. As there were no differences between genotype groups, we did not include these variables in further analyses.
pre-SMA, and GP during successful stopping as compared to going, even at p 0.05 small volume correction: IFG (x 36, y 22, z 8, t = 8.95, k = 2388, p = 0.000); STN (x 8, y 12, z 4, t = 3.31, k = 21, p = 0.020); pre-SMA (x 12, y 16, z 58, t = 5.63, k = 520, p = 0.002); and GP (x 16, y 4, z 0, t = 4.57, k = 21, p = 0.025).
Effect of genotype on stopping activation
To assess the effect of genotype, we regressed SLC6A3 and COMT genotype groups on activation during contrasts of interest in our fMRI model, allowing for the assessment of the contribution of each genotype to activation, while controlling for the contribution of the other genotype. Regressing SLC6A3 and COMT genotypes on activation during contrasts of interest revealed significant effects in the ROIs for each genotype independently (see Table 3 ). For StopInhibit-Go, there was a significant influence of SLC6A3 genotype in activation in the right STN and SMA/pre-SMA after small volume correction. Examination of percent signal change between SLC6A3 groups revealed greater activation in the 9+ group than in the 10/10 group in all ROIs (see Table 4 and Fig. 1 ).
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For StopInhibit-Go, there was a significant influence of COMT genotype on the right IFC after small volume correction (see Table 3 ). Inspection of percent signal change between groups revealed an inconsistent pattern across the ROIs with the range of percent signal change differing widely between groups. Therefore, two additional regressions were conducted: one on Note: There were no significant differences in age, sex, ethnicity, or education between any of the genotype groups. AA, African-American; AS, Asian; CS, Caucasian; LA, Latino/ Hispanic; OT, self-identified as other. N = 42 for DAT; N = 43 for COMT. 3 Note that although small volume correction was applied to the ROI analyses, ROI analyses were subsequently thresholded at p 0.01 uncorrected in order to examine the direction of differences between genotype groups and for better visualization.
Go-Fixation and a second on StopInhibit-Fixation. Analyses were limited to the ROIs for both of these contrasts. For both the Go-Fixation and StopInhibit-Fixation contrasts, there was a significant influence of COMT genotype on all four ROIs, and activation in each of these regions survived a small volume correction (see Table 3 ). Examination of percent signal change between COMT groups revealed greater activation in groups with one or both met-alleles as compared to the val/val group in all ROIs (see Table 4 ; Figs. 2 and 3).
Discussion
The neurogenetic correlates of behavioral inhibition
The results of the present study support significant differences in neural activation during performance of a Stop-signal task as a function of SLC6A3 and COMT genotypes. These findings show that genetically driven variability in dopamine function in frontostriatal regions is associated with individual differences in this form of inhibitory control. The results of the present study are in line with other studies showing increased activation in SLC6A3 9-repeat allele or COMT met-allele carriers (Bertolino et al., 2006b; Caldu et al., 2007; Yacubian et al., 2007) . However, this is the first study to demonstrate such differences as a function of SLC6A3 and COMT genotypes using the Stop-signal task. Beyond that, this study is novel in its attempt to overcome many of the limitations associated with (1) previous fMRI studies of response inhibition and (2) previous association studies testing for the influence of dopaminergic variation on inhibitory control. By carefully parsing the construct of interest to focus on response inhibition, by combining models of frontostriatal and dopaminergic function, and by increasing power by using an imaging genetics approach, we were able to make clear predictions about, and provide evidence for, the influence of dopaminergic variation on neural activation underlying response inhibition.
Our first aim was to examine the activation in four ROIs during performance of the Stop-signal task, which requires participants to alternate between responding and suppressing a response that has already been initiated. Significant activation during inhibition was seen in the right IFC, STN, pre-SMA, and GP, consistent with previous reports (Aron and Poldrack, 2006; Aron et al., 2007; Garavan et al., 1999; Li et al., 2006; Li et al., 2008; Rubia et al., 2001; Zheng et al., 2008) . Several fMRI studies of the Stop-signal task have also demonstrated that greater activation represents better inhibitory control (Aron and Poldrack, 2006; Aron et al., 2007; Li et al., 2006) . This is supported by our own data, as well, as percent signal change in the right IFC was significantly negatively Table 4 Genotype group differences in neural activation during inhibition. correlated with SSRT (r = 0.425, p 0.05) (although only for the StopInhibit-Fixation, and not for StopInhibit-Go, contrast). Combined these data demonstrate that better inhibitory control in this task is associated with greater activation in a key brain region underlying successful inhibition. Our second aim was to test the influence of dopaminergic genetic polymorphisms on activation in these ROIs during response inhibition. We predicted that alleles of SLC6A3 and COMT would differentially influence neural activation during response inhibition. For DAT, evidence suggests that the 10-repeat allele results in increased DAT expression, which may lead to an overly efficient reuptake of dopamine, reducing dopamine below optimal levels (Fuke et al., 2001; Heinz et al., 2000; Mill et al., 2002) . Higher amounts of the COMT enzyme (associated with the val allele) are suggested to lead to a higher rate of dopamine catabolism, thereby reducing dopamine below optimal levels (Chen et al., 2004; Lotta et al., 1995; Mannisto and Kaakkola, 1999) . We predicted that, in brain regions where an optimal range of dopamine is necessary for successful inhibition, SLC6A3 and COMT variation would task-specifically alter dopamine availability and function. Indeed, for neural activation seen during successful inhibition, there was significantly greater activation in the ROIs in the 9+ group as compared to the 10/10 group. Surprisingly, COMT variation modulates not only the neural response during response inhibition, but also the neural response during the Go process. For successful inhibition, and successful motor responding, there was significantly greater activation in ROIs in carriers of at least one met-allele than the val/val group. As greater activation represents better inhibitory control in this sample, results suggest that the 10/ 10 group and the val/val group show an impaired neural response during response inhibition as compared to the 9+ and met+ groups.
This finding that COMT modulates the neural response during both inhibition and response is surprising, given that we predicted to see an influence of SLC6A3 and COMT on activation during inhibition, but not performance, of a motor response. This finding may be explained in terms of the difference in function and distribution between DAT and COMT. DAT is responsible for removal of dopamine at the synapse, and there is a relative lack of DAT in cortical areas. COMT, on the other hand, is responsible for degrading dopamine in the extrasynaptic space and plays a particularly important role in regulating dopamine transmission in prefrontal cortical areas. Indeed, the influence of COMT on modulating prefrontal cognitive function is consistently reported across a number of tasks, including the present task (although it is worth noting that most previous tasks require a response for the trial-type of interest). It may be, then, that dopaminergic modulation of prefrontal cognitive functions, including both stopping and going, is more sensitive to variation in COMT activity than variation in DAT activity.
However, another important difference is that the results for SLC6A3 were limited to the StopInhibit-Go contrast, but the results for COMT were significant for the StopInhibit-Fixation and GoFixation contrasts. The StopInhibit-Go contrast is preferable for looking at response inhibition, and we can therefore interpret our SLC6A3 findings as the most reliable. In contrast, the effect of COMT on StopInhibit-Go was possibly confounded by the significant effects on both StopInhibit and Go activation. Furthermore, the pattern of differences in percent signal change across COMT genotype groups was slightly different between Go-Fixation and StopInhibit-Fixation contrasts: for Go-Fixation, activation was greatest in the met/met, followed by val/met, then val/val groups in the majority of ROIs, whereas for StopInhibit-Fixation, activation was greatest in val/met followed by met/met, then val/val groups in the majority of ROIs. Although these results are less clear, they do highlight the broader influence of COMT on regulating dopaminergic neurotransmission in subcortical and prefrontal regions involved in both stopping and going.
Dopaminergic system variation and prefrontal cognitive function
The results of the present study are in line with previous findings (Cools et al., 2007; Granon et al., 2000; Mattay et al., 2003; Wahlstrom et al., 2007) and suggest that differences in dopamine availability, as predicted by both SLC6A3 and COMT genotypes, may differentially enhance or impair performance. It was predicted that two dopaminergic polymorphisms known to alter dopamine availability would influence neural activation during response inhibition. It is useful to consider the results of the present study in relation to the inverted U-shaped response function of dopamine. We report that in a sample of healthy adults, those individuals in the SLC6A3 10/10 group and the COMT val/val group (1) had presumably reduced levels of dopamine availability; (2) fall to the left of the inverted U-shaped curve; and therefore (2) exhibited an impaired pattern of activation during inhibition. In contrast, those individuals with the SLC6A3 9-allele or the COMT met-allele (1) had presumably optimal levels of dopamine availability; (2) fall to the middle or left of the inverted U-shaped curve; and therefore (3) exhibited successful engagement of key stopping regions during inhibition. Dopamine is said to modulate the response of neural networks by suppressing spontaneous background firing and enhancing the task-specific response Cohen et al., 2002; Grace, 1991; Robbins, 2005; Seamans and Yang, 2004) , and while these results illustrate a pattern consistent with at least the left arm of the inverted U-shaped curve, they suggest that there is an optimal range of dopamine availability for the performance of this task. In conclusion, dopaminergic variation in healthy adults may be one of many factors (including individual differences in baseline performance of the given task and self-reported trait impulsivity (Cools, 2008) ) to influence this range of dopamine availability.
Limitations
There are several limitations of this study. First, it is recognized that the BOLD signal does not directly index dopamine availability or function. However, there is some data linking these two processes, including an in vivo study showing a relationship between striatal DA synthesis (FDOPA PET) and neural activation (BOLD signal) (Siessmeier et al., 2006) , as well as a review of evidence which suggests that a BOLD signal increase in the nucleus accumbens (during a relevant task) may predominantly reflect postsynaptic D1 receptor activation (Knutson and Gibbs, 2007) . Therefore, the significant influence of SLC6A3 and COMT genotypes on neural activation may be suggestive of differences in activity resulting from differences in dopamine availability or function.
A second limitation concerns sample size. Although the final sample consisted of a sufficient number of participants, this sample was limited by the unbalanced sample sizes within COMT genotype groups. It would be worthwhile to examine the possible interaction of both genotypes within the same sample, which we were unable to do here because of unbalanced sample sizes. The limitation of obtaining adequate sample sizes of genotypes with infrequent alleles should be addressed by oversampling these individuals in future studies. Although the sample size is small relative to genetic association studies, the size of the current sample is large by imaging genetics standards. Nonetheless, based on our relatively small sample, unbalanced genotype groups, and the mixed ethnicity of our sample, caution should be used when drawing conclusions based on our results.
A third limitation concerns specificity. We predicted a taskspecific influence of SLC6A3 and COMT alleles on dopamine availability and function. Although the present study provides evidence that such variation does influence neural activation, we cannot conclude that it is task-specific, as this investigation included only the Stop-signal task. Furthermore, we did not assess resting activation and cannot rule out differences in baseline activity as a function of genotype, and we did not assess structural features so we cannot rule out anatomical differences.
Conclusion
The purpose of the present study was to assess the influence of dopaminergic variation on neural activation during response inhibition, and these results provide evidence for the influence of SLC6A3 and COMT genotypes on activation in the frontostriatal network during inhibition. To our knowledge, this is the first report of the effect of both SLC6A3 and COMT on neural activation during performance of a Stop-signal task in healthy adults. These data suggest that the neurophysiological response during response inhibition may be a suitable intermediate phenotype as the influence of SLC6A3 and COMT variation was detectable on neural response. This study is a major step towards elucidating the biological correlates of inhibitory control and impulsive-related behaviors. As inhibitory control is of significance for a number of psychiatric disorders, it is likely that this line of research will be of considerable clinical significance in advancing the prediction, diagnosis, and treatment of a wide range of psychiatric disorders.
